ABSTRACT: Deficiency of very long-chain acyl-CoA dehydrogenase (VLCAD) results in accumulation of C14 -C18 acylcarnitines and low free carnitine. Carnitine supplementation is still controversial. VLCAD knockout (VLCAD Ϫ/Ϫ ) mice exhibit a similar clinical and biochemical phenotype to those observed in humans. VLCAD Ϫ/Ϫ mice were fed with carnitine dissolved in drinking water. Carnitine, acylcarnitines, and ␥-butyrobetaine were measured in blood and tissues. Measurements were performed under resting conditions, after exercise and after 24 h of regeneration. HepG2 cells were incubated with palmitoyl-CoA and palmitoyl-carnitine, respectively, to examine toxicity. With carnitine supplementation, acylcarnitine production was significantly induced. Nevertheless, carnitine was low in skeletal muscle after exercise. Without carnitine supplementation, liver carnitine significantly increased after exercise, and after 24 h of regeneration, carnitine concentrations in skeletal muscle completely replenished to initial values. Incubation of hepatic cells with palmitoylCoA and palmitoyl-carnitine revealed a significantly reduced cell viability after incubation with palmitoyl-carnitine. The present study demonstrates that carnitine supplementation results in significant accumulation of potentially toxic acylcarnitines in tissues. The expected prevention of low tissue carnitine was not confirmed. The principle mechanism regulating carnitine homeostasis seems to be endogenous carnitine biosynthesis, also under conditions with increased demand of carnitine such as in VLCAD-deficiency. V ery long-chain acyl-CoA dehydrogenase (VLCAD or ACADVL, EC 1.3.99.3) is one of several enzymes of mitochondrial ␤-oxidation. Deficiency of VLCAD is the most common mitochondrial ␤-oxidation defect of long-chain fatty acids, with an occurrence of approximately 1:50.000 to 1:100.000 births (1). In humans, VLCAD-deficiency (VLCADD) is characterized by phenotypic heterogeneity. Phenotypic presentation is heterogeneous and different forms of presentation are distinguished: a severe early onset form presenting with cardiomyopathy and Reye-like symptoms; a hepatic phenotype that usually expresses in infancy with recurrent hypoketotic hypoglycemia; and a milder, later-onset, myopathic form with episodic muscle weakness and rhabdomyolysis (2). However, the hepatic phenotype of infancy will often become a muscular phenotype during childhood and adolescence. Exercise or catabolic stress such as illnesses trigger clinical symptoms. With the start of neonatal screening programs for fatty acid oxidation defects the majority of patients are asymptomatic at time of diagnosis and remain asymptomatic with preventive measures during the first years of follow-up. Especially for this group of patients, there is a need to define risk factors for the manifestation of clinical symptoms with special respect to physical exercise. Deficient oxidation of long-chain acyl-CoAs, especially during catabolism, results in accumulation of long-chain acylcarnitines.
V ery long-chain acyl-CoA dehydrogenase (VLCAD or ACADVL, EC 1.3.99.3) is one of several enzymes of mitochondrial ␤-oxidation. Deficiency of VLCAD is the most common mitochondrial ␤-oxidation defect of long-chain fatty acids, with an occurrence of approximately 1:50.000 to 1:100.000 births (1) . In humans, VLCAD-deficiency (VLCADD) is characterized by phenotypic heterogeneity. Phenotypic presentation is heterogeneous and different forms of presentation are distinguished: a severe early onset form presenting with cardiomyopathy and Reye-like symptoms; a hepatic phenotype that usually expresses in infancy with recurrent hypoketotic hypoglycemia; and a milder, later-onset, myopathic form with episodic muscle weakness and rhabdomyolysis (2) . However, the hepatic phenotype of infancy will often become a muscular phenotype during childhood and adolescence. Exercise or catabolic stress such as illnesses trigger clinical symptoms. With the start of neonatal screening programs for fatty acid oxidation defects the majority of patients are asymptomatic at time of diagnosis and remain asymptomatic with preventive measures during the first years of follow-up. Especially for this group of patients, there is a need to define risk factors for the manifestation of clinical symptoms with special respect to physical exercise. Deficient oxidation of long-chain acyl-CoAs, especially during catabolism, results in accumulation of long-chain acylcarnitines.
Carnitine is an essential metabolite in energy metabolism, because it enables long-chain acyl compounds to cross the inner mitochondrial membrane as acylcarnitines. Only inside the mitochondria, fatty acids can be metabolized by ␤-oxidation. The body receives carnitine from dietary sources or from endogenous synthesis. In addition, it is efficiently reabsorped by the kidney. All three factors are maintaining carnitine homoeostasis (3) . ␥-Butyrobetaine is the last intermediate in the carnitine biosynthesis pathway and is hydroxylated only in the liver by ␥-butyrobetaine dioxygenase (EC 1.14.11.1) to yield carnitine (3) . Nevertheless, ␥-butyrobetaine and its presursors in the carnitine biosynthesis pathway have also been detected in different tissues like muscle, heart, and kidney. Moreover, all the enzymes forming these precursors and ␥-butyrobetaine were present in these tissues except ␥-butyrobetaine dioxygenase (4) .
Characteristically, in VLCADD long-chain C14 -C18 acylCoAs accumulate in mitochondria before the ␤-oxidation block. To leave the mitochondria, they are reconverted into acylcarnitine esters, which can be assayed in blood. As a result of an increased production of acylcarnitines, blood free carnitine concentrations may decrease (5) . Especially physical exercise results in decreased free carnitine concentrations in skeletal muscles (6) . However, earlier studies have shown that blood and tissue concentrations of free carnitine do not always correlate (6) . It has been widely discussed whether supplementation of exogenous carnitine is advisable to recover intracellular carnitine concentrations (7, 8) . In contrast, an increased supply of carnitine could result in a further increase of long-chain acylcarnitines, compounds associated with possibly lethal heart rhythm disturbance (9) .
The VLCAD knockout (VLCAD
) mouse is viable and demonstrates no VLCAD-specific clinical phenotype under resting conditions in the first 6 mo of life besides an increased fat storage in tissues (10) . Physical exercise or fasting, however, may induce similar clinical phenotypes to humans (11) . VLCAD Ϫ/Ϫ mice present with stress-induced hypoglycemia, skeletal myopathy, and cold intolerance associated with elevated C14 -C18 acylcarnitines (6) . Overall, the VLCAD Ϫ/Ϫ mouse is an excellent model to study human VLCADD.
In the present study, we analyzed the effects of physical exercise, regeneration after physical exercise and the effect of carnitine supplementation on carnitine and acylcarnitine homeostasis in the VLCAD Ϫ/Ϫ mouse. In addition, we analyzed ␥-butyrobetaine, a carnitine biosynthesis metabolite, in tissues to define the importance of carnitine supplementation versus endogenous biosynthesis. To examine the effects of C16-CoA and C16-carnitine, respectively, on cell proliferation and viability, HepG2 cells were incubated with these metabolites.
METHODS
Concentrations of ␥-butyrobetaine, carnitine, and acylcarnitines in blood and tissues were measured in VLCAD Ϫ/Ϫ mice and wild-type (WT) littermates under well fed, resting conditions. Each group consisted of five mice aged 10 -12 wk. The mean body weight of the 10 -12-wk-old animals was 24.4 Ϯ 0.6 g. To determine carnitine and acylcarnitines in liver, skeletal muscle, and blood in response to exercise and after 24 h of regeneration, mice from both genotypes (n ϭ 5) were subjected to treadmill exercise. A second group of mice from both genotypes (n ϭ 5) received oral carnitine supplementation for 5 wk after weaning. Also, carnitine-supplemented mice were investigated under resting conditions, after exercise and after regeneration.
The mice were killed immediately or 24 h after the stress situation was terminated. Liver and skeletal muscle were removed and frozen immediately in liquid nitrogen. Blood samples were collected by heart puncture and dried on a filter paper card.
All animal studies were performed with the approval of the HeinrichHeine-University Institutional Animal Care and Use Committee. The care of the animals was in accordance with the Heinrich-Heine-University Medical Center and Institutional Animal Care and Use Committee guidelines.
Generation and genotyping of VLCAD-deficient mice. VLCAD Ϫ/Ϫ mice were generated as described (6, 12) . Genotypes were determined by duplicate PCR analyses (13) .
Exercise on a treadmill. Five VLCAD Ϫ/Ϫ and five WT mice were subjected to exercise on a treadmill equipped with an electric shock grid (10 mAmp, frequency of 10 Hz). Mice had to run at a moderate speed of 16 m⅐min Ϫ1 for 60 min. Some VLCAD Ϫ/Ϫ mice were exhausted after 45 min.
Exhaustion was defined as resting more than 15 s⅐min Ϫ1 on the electric shock grid or as falling back on the electric shock grid more than 15 times⅐min Ϫ1 (5 , in accordance to clinical use, did not result in increased free carnitine concentrations in blood and tissues of VLCAD Ϫ/Ϫ mice in previous experiments. Metabolites were measured under resting, exercised, and regenerated conditions.
Analysis of carnitine and acylcarnitines. In blood, carnitine and acylcarnitines were extracted with methanol from dried blood spots (equivalent to 25 L of blood) and analyzed as their butyl esters using electrospray ionization tandem mass spectrometry as previously described (14, 15) . Free carnitine (C0) and all even-chain C14 -C18 acylcarnitines (saturated and unsaturated) were measured.
In tissues, analysis of ␥-butyrobetaine, carnitine, and acylcarnitines was performed according to van Vlies et al. (16) . In brief, liver (ϳ60 mg) and skeletal muscle (ϳ50 mg) pieces were lyophilized for 12 h including internal standards (16.25 16 -acylcarnitine, for C14 -C18-acylcarnitines). The lyophilized tissues were powderized and dissolved in 1 mL of 80% acetonitrile. After homogenization and centrifugation the supernatant was dried. ␥-Butyrobetaine, carnitine, and acylcarnitines were analyzed by electrospray ionization tandem mass spectrometry as their butyl esters and resuspended in 100 L ACN/H 2 O (50/50; vol/vol).
Cell proliferation and cell viability. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used as measure for cell proliferation and cell viability to investigate cytotoxicity of 20 -120 and 100 -500 M of palmitoyl-carnitine and palmitoyl-CoA, respectively, on HepG2 cells by quantifying mitochondrial dehydrogenase activity. HepG2 cells, in the log phase of growth, were plated in 96-well plates at 100,000 cells per well and after 4 h, palmitoyl-carnitine and palmitoyl-CoA were added. Care was taken to neutralize possible inhibitory pH effects of the substances. After 48 h of incubation at 37°C and 5% CO 2 , MTT was added to a final concentration of 250 g⅐mL Ϫ1 and incubated for 4 h. Cell lysis and formazan solubilization were achieved by addition of 100 L 10% (wt/vol) SDS. The formazan production was determined spectrophotometrically at 550 nm, with 670 nm as reference. The inhibitory effect of palmitoyl-carnitine and palmitoyl-CoA was objectified by calculating the half maximal inhibitory concentration (IC 50 ) by nonlinear curve fitting of a 5-parameter logistic function to the experimental data.
Statistical analyses. Data are presented as means Ϯ SEM with n denoting the number of animals tested. Analyses for the significance of differences were performed using t tests for paired and unpaired data (p Ͻ 0.05).
RESULTS
Free carnitine in skeletal muscle. Free carnitine concentrations were determined in skeletal muscle under resting conditions. In WT and VLCAD Ϫ/Ϫ mice, free carnitine concentrations were comparable (Fig. 1A) . We further studied the effect of exercise on free carnitine concentrations. Free carnitine decreased in muscle from WT mice and VLCAD Ϫ/Ϫ mice. Importantly, this decrease in carnitine was significantly greater in VLCAD Ϫ/Ϫ mice, compared with WT mice, leading to lower levels. After 24 h of regeneration, carnitine concentrations increased to initial levels, also in VLCAD Ϫ/Ϫ mice. Moreover, carnitine supplementation of WT and VLCAD Ϫ/Ϫ mice did not increase free carnitine in skeletal muscle under resting conditions, and did not prevent low carnitine concentrations after exercise in VLCAD Ϫ/Ϫ mice (Fig. 1A) . Free carnitine in liver. Concentrations were significantly increased in exercised VLCAD Ϫ/Ϫ mice compared with resting conditions (Fig. 1B) . With carnitine supplementation, exercised mice also presented with significantly higher free carnitine levels compared with resting conditions; however, concentrations were lower than without carnitine supplementation. After regeneration, free carnitine concentrations in liver tissue significantly decreased with carnitine supplementation but remained high without carnitine supplementation (Fig. 1B) .
Free carnitine in blood. Carnitine supplementation resulted in higher carnitine levels under resting conditions (Fig. 1C) . In WT mice without carnitine supplementation, free carnitine increased significantly after excerise; in VLCAD Ϫ/Ϫ mice no significant changes were observed. After regeneration, free carnitine decreased again in WT mice, with respect to the exercised group. In VLCAD Ϫ/Ϫ mice, regeneration had no influence on blood carnitine. After exercise, also, carnitinesupplemented VLCAD Ϫ/Ϫ mice presented with significantly lower free carnitine; however, exercise had no effect on blood carnitine levels in WT mice. After regeneration, blood carnitine concentrations returned to initial levels in VLCAD Ϫ/Ϫ mice (Fig. 1C) .
Long-chain acylcarnitines. In skeletal muscle tissue, after physical exercise, C14 -C18 acylcarnitine concentrations significantly increased in VLCAD Ϫ/Ϫ mice and decreased again after 24 h of regeneration ( Fig. 2A) . Carnitinesupplemented VLCAD Ϫ/Ϫ mice displayed significantly higher concentrations of acylcarnitines in skeletal muscle tissue under resting conditions. Exercise resulted in a further increase of long-chain acylcarnitines in carnitinesupplemented mice. Concentrations were 4-fold higher than in resting mice without carnitine supplementation. After 24 h of regeneration, acylcarnitine concentrations decreased to lower levels than found under resting conditions before exercise (Fig. 2A) .
In liver, acylcarnitine concentrations were elevated after exercise and decreased again in regenerated mice to levels observed at rest. Interestingly, carnitine supplementation resulted in 3-fold higher acylcarnitine concentrations in both WT and VLCAD Ϫ/Ϫ resting mice, compared with mice without carnitine supplementation. In both, WT and VLCAD Ϫ/Ϫ mice, with supplementation of carnitine, there was no change in acylcarnitine concentrations under resting, exercised or regenerated conditions (Fig. 2B) .
Concentrations of C14 -C18 acylcarnitines in blood of WT mice remained unchanged after exercise and regeneration. VLCAD Ϫ/Ϫ mice displayed higher acylcarnitine levels after exercise. Carnitine supplementation resulted in increased acylcarnitines in VLCAD Ϫ/Ϫ mice compared with WT mice (Fig. 2C ). ␥-Butyrobetaine. ␥-Butyrobetaine concentrations were measured as precursor of carnitine in endogenous carnitine biosynthesis. In skeletal muscle, ␥-butyrobetaine concentrations significantly decreased in VLCAD Ϫ/Ϫ mice after exercise. Carnitine supplemented mice displayed, overall, much higher concentrations of ␥-butyrobetaine in skeletal muscle. However, ␥-butyrobetaine levels were significantly lower in muscle from VLCAD Ϫ/Ϫ mice compared with WT littermates (Fig. 3A) .
In liver, ␥-butyrobetaine concentrations remained in VLCAD Ϫ/Ϫ mice at the same level after exercise and after regeneration, although WT mice displayed significantly increased ␥-butyrobetaine concentrations after exercise. Carnitine supplementation also resulted in significantly higher liver ␥-butyrobetaine concentrations. Importantly, ␥-butyrobetaine was significantly lower in VLCAD Ϫ/Ϫ mice compared with WT mice after 24 h of regeneration (Fig. 3B) .
Cell proliferation and cell viability. Proliferation and viability of HepG2 cells is significantly affected after incubation with C16:0-carnitine in the MTT-assay. The IC 50 for cells with C16:0-CoA was 337 M. Cells with C16:0-carnitine had an IC 50 of 76 M (Fig. 4) . So the cytotoxicity of C16:0-carnitine is 4-fold higher than the cytotoxicity of C16:0-CoA. 
DISCUSSION
In the present study, we demonstrated the effect of carnitine supplementation on exercise-induced changes in carnitine and acylcarnitine concentrations in skeletal muscle, liver, and blood from WT and VLCAD Ϫ/Ϫ mice. The dose of supplemented carnitine was chosen double compared with usual clinical use as previous experiments in VLCAD Ϫ/Ϫ mice showed that low carnitine levels after exercise were not prevented with the usual dose of 100 mg⅐kg Ϫ1 ⅐day Ϫ1 (17) . In addition to the metabolic steps involved in the consumption of carnitine, we also analyzed ␥-butyrobetaine in both murine skeletal muscle and liver to gain more insight into the intrinsic pathways of carnitine biosynthesis.
Carnitine supplementation and acylcarnitine concentrations. Our current study in the murine model of VLCAD demonstrates for the first time a significant rise in acylcarnitines observed in skeletal muscle when mice are supplemented with carnitine (17) . With exercise and an increase in acyl-CoA, the production of acylcarnitines after carnitine supplementation is even greater compared with animals without carnitine supplementation. This has previously been assumed, but it has never been shown at tissue level. Indication for carnitine supplementation in disorders with secondary carnitine deficiency such as VLCADD has been 1) increased urinary elimination of accumulating acyl-CoAs as acylcarnitines and 2) provision of sufficient intramitochondrial CoA for other metabolic pathways. The significant production of acylcarnitines after carnitine supplementation was observed irrespective of the studied genotype and questions the beneficial role of carnitine supplementation in patients, although being based on a mouse-model. Of note, it is well documented that both acylcarnitines and acyl-CoAs are potentially toxic for the cells as they may be inhibiting other important pathways in the cells (18, 19) . Because of the increase of acylcarnitines induced by carnitine supplementation is more pronounced in VLCAD Ϫ/Ϫ mouse muscle, the overall result of exercise in combination with carnitine supplementation is a near 5-fold increase in acylcarnitine levels in VLCAD Ϫ/Ϫ mouse muscle compared with muscle from nonsupplemented WT mice under resting conditions. Similar to muscle from carnitine-supplemented mice, liver acylcarnitine levels are increased on carnitine supplementation, albeit not as much as in muscle. Because liver oxidative capacity is far lower than in skeletal muscle, concentrations of acylcarnitines in liver tissue are overall lower than in skeletal muscle. Our studies on the cytotoxic effects of palmitoylcarnitine and palmitoyl-CoA in proliferating hepatic cells revealed approximately 4-fold higher cytotoxicity of palmitoylcarnitine, illustrating the negative effect of acylcarnitine accumulation in liver cells (Fig. 4) .
Free carnitine and acylcarnitine dynamics in blood and skeletal muscle. As expected, carnitine supplementation results in a near 2-fold increase in blood carnitine concentration in resting WT and VLCAD Ϫ/Ϫ mice. After exercise, free carnitine in blood is significantly lower in VLCAD Ϫ/Ϫ mice compared with WT mice, irrespective of carnitine supplementation. These low blood concentrations reflect the decreased levels in VLCAD Ϫ/Ϫ mouse muscle and suggest impaired carnitine handling under exercised conditions with and without supplementation of carnitine. Supplemented carnitine, therefore, fails to prevent the significant drop in muscle free carnitine under exercised conditions. But, even without supplemented carnitine, free carnitine levels replenish again within 24 h of regeneration. Furthermore, carnitine supplementation does not prevent increased blood acylcarnitine levels after exercise. Acylcarnitines are high in blood as soon as there are increased concentrations in any organ, because they are thought to leave the cells and go into the circulation to finally be excreted via the urine from the body (20, 21) . Overall, based on our current findings, using the murine model of VLCAD, carnitine supplementation does not prevent low carnitine concentrations in muscle after exercise and moreover, supplementation actually results in a sharp rise of acylcarnitines in skeletal muscle. Liver carnitine biosynthesis is no longer coupled to muscle carnitine demand during carnitine supplementation. As a marker for carnitine biosynthesis, we studied ␥-butyrobetaine levels in murine liver and skeletal muscle and found that carnitine supplementation greatly influences the dynamics of this precursor. First, we observed the profound effect of exercise stress on ␥-butyrobetaine in skeletal muscle in VLCAD Ϫ/Ϫ mice, with considerably lower ␥-butyrobetaine concentrations. As skeletal muscle does not possess the full machinery to biosynthesize carnitine, muscle tissue lacks ␥-butyrobetaine dioxygenase (4), we assume that the observed decrease in ␥-butyrobetaine after exercise in VLCAD Ϫ/Ϫ mice represents transport of ␥-butyrobetaine out of the muscle cell to supply precursor for the biosynthesis of carnitine in liver. Also, Vaz and Wanders (3) postulated that ␥-butyrobetaine is produced in different kinds of tissues and then excreted into the circulation to be transported to a tissue that contains ␥-butyrobetaine dioxygenase. Overall, after carnitine supplementation ␥-butyrobetaine concentrations are significantly higher irrespective of the genotype suggesting decreased demand of carnitine biosynthesis. However, VLCAD Ϫ/Ϫ mice presented with significantly lower ␥-butyrobetaine concentrations in muscle than WT mice and, after 24 h of regeneration, ␥-butyrobetaine was significantly decreased compared with resting conditions. These findings might implicate that in all nonsupplemented animals and in supplemented VLCAD Ϫ/Ϫ mice, there is still a higher demand for carnitine biosynthesis, especially during exercise stress because liver carnitine production is augmented (Fig. 2B) . The observed increase in liver carnitine concentration during exercise, with and without carnitine supplementation, is indicative of ␥-butyrobetaine being converted into carnitine by ␥-butyrobetaine dioxygenase rather than liver ␥-butyrobetaine production being reduced. This would be in-line with the observed decrease in ␥-butyrobetaine in liver after exercise or within 24 h of regeneration. Importantly, after 24 h of regeneration, liver carnitine levels remain high in nonsupplemented VLCAD Ϫ/Ϫ mice, indicating an increased and sustained demand for carnitine in this mouse phenotype during the recovery phase. In VLCAD Ϫ/Ϫ mice receiving oral supplementation of carnitine, liver carnitine returns to basic levels after 24 h of regeneration reflecting that high blood carnitine in carnitine supplemented VLCAD Ϫ/Ϫ animals suppresses carnitine biosynthesis in liver, at least to some degree. Whether the gene for ␥-butyrobetaine dioxygenase is up-regulated in VLCAD Ϫ/Ϫ mice or up-regulated after regular exercise in response to the secondary carnitine deficiency is currently under investigation.
Blood carnitine and acylcarnitine profiling does not fully mirror cellular carnitine metabolism. Within the framework of clinical diagnostics, acylcarnitine profiling of dried bloodspots represents a powerful tool for clinicians to gain insight into fatty acid metabolism. However, blood acylcarnitine profiles can merely represent an overall response of all organs involved in carnitine metabolism. The consequence of this is that blood acylcarnitines do not necessarily reflect concentration changes taking place in individual organ systems (6); thus, even a moderate increase in blood acylcarnitines should be treated with caution. For example, we observed increased acylcarnitine levels in skeletal muscle after oral supplementation of carnitine whereas blood acylcarnitine levels remained nearly unchanged. Only under stressed conditions, blood acylcarnitines actually reflect acylcarnitine dynamics in skeletal muscle, but not at rest.
In conclusion, in the murine model of VLCAD we observed a significant increase in acylcarnitine production after oral supplementation of carnitine in skeletal muscle, especially after exercise. However, carnitine supplementation does not prevent decreased free carnitine in muscle after exercise. Furthermore, exercise triggers carnitine biosynthesis with replenishment of low free carnitine pools in muscle within 24 h. Therefore, if we extrapolate our findings obtained after 1 h of moderate stress in this mouse model, it may well be that carnitine supplementation is not at all beneficial for affected patients with VLCADD. More importantly, we rather have to consider that carnitine supplementation may actually be a risk factor because carnitine supplementation results in significant accumulation of toxic acylcarnitines in mice tissues.
